Of the over 200 known extrasolar planets, 14 exhibit transits in front of their parent stars as seen from Earth. Spectroscopic observations of the transiting planets can probe the physical conditions of their atmospheres 1,2 . One such technique 3,4 can be used to derive the planetary spectrum by subtracting the stellar spectrum measured during eclipse (planet hidden behind star) from the combined-light spectrum measured outside eclipse (star 1 planet). Although several attempts have been made from Earth-based observatories, no spectrum has yet been measured for any of the established extrasolar planets. Here we report a measurement of the infrared spectrum (7.5-13.2 mm) of the transiting extrasolar planet HD 209458b. Our observations reveal a hot thermal continuum for the planetary spectrum, with an approximately constant ratio to the stellar flux over this wavelength range. Superposed on this continuum is a broad emission peak centred near 9.65 mm that we attribute to emission by silicate clouds. We also find a narrow, unidentified emission feature at 7.78 mm. Models of these 'hot Jupiter' 5 planets predict a flux peak 6-9 near 10 mm, where thermal emission from the deep atmosphere emerges relatively unimpeded by water absorption, but models dominated by water fit the observed spectrum poorly.
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We observed the HD 209458b system during two predicted secondary eclipse events, on 6 and 13 July 2005. For each event, we observed continuously for 6 h, centred on the three-hour duration of the eclipse. We used the Infrared Spectrograph (IRS) 10 on the Spitzer Space Telescope 11 in staring mode with the SL1 slit (short wavelength, low resolution), which gives a wavelength coverage of ,7.4-14.5 mm and a spectral resolution (l/Dl) of 60-120. We analysed a total of 560 individual spectra of the system (280 per eclipse event), each with integration time 60.95 s, in order to obtain a single spectrum of the planet for each event.
Our technique 3, 4 exploits the timing of the eclipse to derive the planetary spectrum from the eclipse depth versus wavelength. Our analysis effectively uses IRS as a multi-channel photometer by searching for the eclipse in the time series of flux at each wavelength. This method is equivalent to subtracting the in-eclipse spectra (planet hidden) from the out-of-eclipse spectra (both star and planet visible). We developed a custom procedure to extract flux spectra from the IRS images, and we verified that our results are robust with respect to the details of this spectral extraction. The Supplementary Information presents a complete discussion of our methodology.
We first verify that the eclipse is visible in the wavelengthintegrated flux, as shown in Fig. 1 . The eclipse is clearly visible in the total flux, appearing as a dip centred on phase 0.5. The depth of the eclipse is not easily determined from this plot alone, owing to three systematic effects; these are noted in Fig. 1 legend and their corrections are discussed in the Supplementary Information.
To derive the planetary spectrum, we use a differential analysis. Recasting the 280 spectra per eclipse as flux versus time at each wavelength, we divide by the average spectrum and subtract the average time series to produce residual fluxes. This subtracts two of the systematic effects (the baseline ramp and the telescope pointing oscillation; see Fig. 1 legend and the Supplementary Information).
We then fit a model eclipse curve to the time series of residual fluxes at each wavelength; the amplitudes from these fits comprise the planetary spectrum. The remaining systematic effect, a slow drift in telescope pointing, is corrected by our calibration procedure, placing the spectrum in contrast units (ratio of planetary flux to stellar flux). Figure 2a shows the derived planetary spectra from both eclipse events separately, which allows us to confirm the reality of spectral structure. Two real spectral features are present above the noise level and are seen in both eclipse events: (1) a broad feature centred near 9.65 mm; and (2) a sharp feature occupying only a few wavelength channels centred near 7.78 mm (which is confirmed by a separate showing the detection of the secondary eclipse, centred at phase 0.5. The plot shows the total flux, calculated by summing all wavelengths for each spectrum. The results for the two eclipse events are then added together and normalized to the mean value of the total flux of both events. The eclipse (with apparent depth ,0.5%) is observable in spite of several systematic effects. The known boundaries of the eclipse (first and fourth contacts) as derived from data in the visible 28, 29 are indicated by the vertical dotted lines. Three systematic effects (see Supplementary Information for details) are removed by our analysis and are present in this figure: (1) a slow ramp-up in intensity of the baseline 30 (dashed curve); (2) a telescope pointing oscillation of 1.02-h period that modulates the flux transmitted through the instrument slit (although this effect is difficult to see here, as the oscillation was nearly out of phase for the two eclipses); and (3) a slow drift in telescope pointing that causes an extra dip in intensity and adds to the apparent depth of the eclipse. analysis shown in Fig. 3 and detailed in the Supplementary Information). Both of these spectral features appear in emission, that is, in excess of the apparent continuum level. Figure 2b shows the average of the two eclipse events. A x 2 analysis confirms the presence of structure in the spectrum. Specifically, a flat line (that is, constant contrast) is inconsistent with the data at the 3.5s level. Recall that the eclipse is seen clearly in Fig. 1 . After correcting for systematic errors, the eclipse depth (,0.3%) exceeds the errors at individual wavelengths in Fig. 2 . Therefore, a flat line in Fig. 2 would also represent a clearly detected, but structureless, spectrum. The reality of the broad feature at 9.65 mm is further illustrated by Fig. 2c . This plot shows the average spectrum from Fig. 2b , binned coarsely over wavelength. The rise in flux in the region between 9 and 10 mm is clear and statistically significant (3.6s difference between flux points at 9 and 10 mm). Several other suggestive features are apparent in Fig. 2a (for example, possible absorption at 8.6 and 9.3 mm), but these are not clearly detected.
We now consider interpretations of the two features observed in the measured spectrum (and summarized in Table 1 ). First, the 9.65-mm peak (most noticeable as a rise in the spectrum from 9 to 10 mm, as shown in Fig. 2c ) is significant at the 3.6s level when suitably binned to the apparent width of the feature. Because of this peak and the relatively flat spectrum at 10-13 mm, blackbody spectra (in the temperature range 1,100-1,600 K) are ruled out to the ,3.5s level. A seemingly natural interpretation of this feature is water vapour absorption at 7-9 mm. Such an absorption feature is prominent in most published HD 209458b models 6 . All hot Jupiter spectra are expected to be shaped by water absorption because water is an abundant gas at the high temperatures of hot Jupiters (1,000-2,000 K). However, we do not favour this water absorption interpretation. We previously reported an upper limit on the water vapour absorption feature at 2.2 mm for the spectrum of this planet 4 . Moreover, on the basis of Fig. 2 alone, a typical solar abundance model of HD 209458b with strong water features 12 is ruled out at the 3.5s level, owing to the poor fit to the spectral slope at the shortest wavelengths. Our results for the contrast in this spectral region are consistent with the depth of the secondary eclipse at much longer wavelength (24 mm) 13 . We make no claims about the spectrum beyond ,10.5 mm, where the errors increase owing to the decreasing flux and the points are correspondingly more scattered. b, The average of the two events with models overplotted. The blue curve is a model for HD 209458b 12 (which is consistent with the photometric result at 24 mm; ref. 13); the red curve is a 1,600 K blackbody for the planet divided by a 6,000 K blackbody for the star (although a range of blackbody temperatures for the planet from 1,100 K to 1,600 K were tested). c, A coarse binning in wavelength (boundaries indicated by green dashed vertical lines) of the average spectrum from b. The bins were defined to probe the spectral features discussed in the main text. The weighted mean of all the points in each bin is calculated, and the error on the mean is also weighted by the errors on the individual points. An average of 14 data points appear in each bin. For the bin at the shortest wavelength, two points are shown: one including the 7.8 mm emission feature (black) and one excluding this feature (red). In a-c, error bars represent 6 s.e.m.; that is, they are calculated by propagating the errors in the individual points to determine the error on the mean. Also, we show in a-c only the result shortward of 13.2 mm because IRS spectra at the longest wavelengths are affected by a systematic error called the 'teardrop effect'. This effect is not well understood, but is believed to be caused by scattered light (see the IRS Data Handbook v.2.0, p. 62). As the primary instrument systematics vary slowly with wavelength, an alternative method to eliminate them is to apply a high-pass filter to the observed spectra (which also suppresses any broad planetary spectral structure). We fit a sixth-order polynomial to each spectrum and subtract this fit. Forming a time series of the filtered differences at each wavelength, we fit the model eclipse curve as before. The resulting strongly filtered planetary spectrum, averaged for the two events, is shown in a. The solid line is a model of methane line strengths from HITRAN 24 scaled to 1,500 K; units are arbitrary and illustrate relative line strengths. The 7.782 mm point stands out, as shown in a by an arrow. The point is detected at the 5.4s significance level, calculated in the same way as described in Table 1 but using the high-pass filtered spectra; the significance level is higher because the wings of the feature have been suppressed. Panel b shows the binned time series for the single wavelength channel at 7.782 mm. The model eclipse fit to this time series is overplotted (dashed line), indicating that the differential eclipse is visible at this wavelength with the correct duration and central phase. The error bars in a and b represent 6 s.e.m., calculated by propagating the errors from the individual points to determine the error on the mean.
The occurrence of a peak at 9.65 mm is strongly reminiscent of the Si-O fundamental stretching mode 14 at 9.7 mm, manifested in this case as silicate clouds. Absorption and emission from amorphous and crystalline silicates are ubiquitous in young star-and planetforming regions 15 , and silicates can also condense directly in hot Jupiter atmospheres 16, 17 . Recent observations 18 of L dwarfs reveal 10 mm absorption by silicate clouds. The silicate grains must be small (,10 mm) to exhibit the feature 18 , suggesting that they can occur at high altitudes. Further, to produce a silicate feature in emission requires that silicate clouds be present in a region of inverted temperature gradient. We hypothesize that the feature could be explained by high silicate clouds in the stratosphere with an inverted temperature gradient. Several recent studies have suggested the possibility of a deep stratosphere on hot Jupiters. The discovery of OGLE-TR-56b prompted models that include strong stellar irradiation, and one study concluded that TiO in the upper atmosphere can cause a temperature inversion 19 . More recently, the detection of thermal emission from TrES-1 20 using IRAC revealed a higher brightness temperature at 8 mm than at 4.5 mm, which was unexpected on the basis of previous models, and one of several explanations is a temperature inversion 21, 22 . Finally, in this respect, we note that the presence of high clouds (to ,millibar pressures) is consistent with other observational results for HD 209458b, specifically the low sodium abundance 1 , the upper limit on CO absorption during transit 2 , and the non-detection of water bands in the near-infrared 4 . Unanticipated sources of opacity may be required to produce a temperature inversion at these altitudes, and thereby mask the effect of water opacity.
Alternatively, HD 209458b is known to have an extended and evaporating atmosphere 23 , and it is possible that an optically thin, emitting dust envelope could contribute to the 9.65 mm feature. We also warn that our silicate feature is based on a rise in the spectrum near the Si-O stretching resonance, and at the level of data uncertainty we do not claim a downturn beyond 10 mm that would support the silicate feature claim.
The second feature in our spectrum is a narrow, sharp peak at 7.78 mm. This peak is statistically significant at the 4.4s level and is unlikely to be an instrumental error because the peak appears in the spectra from both observed eclipse events. If produced by thermal emission, this feature is also consistent with an inverted temperature gradient. We considered the possibility that this peak is due to methane emission. Figure 3a includes a profile of the wavelength dependence of methane emission, obtained by scaling the HITRAN 24 line strengths to T 5 1,500 K, binning them to IRS resolution, and assuming optically thin emission. The observed peak is not coincident with the strongest methane lines (Q branch). The predicted position of the Q branch shifts to longer wavelength with increasing temperature, but a two-pixel discrepancy remains at any plausible temperature, and a wavelength calibration error of this magnitude is out of the question (Spitzer Support, personal communication). Although other methane features occur over the range extending from ,7.4 to ,8.0 mm (ref. 24) , it seems unlikely that these weaker lines alone could cause the feature in the observed spectrum. A more exotic possibility that cannot be firmly rejected is the C-C stretching resonance in polycyclic aromatic hydrocarbons 25 . Additional Spitzer observations should clarify the nature of this emission.
Finally, we look forward to future extension of extrasolar planet spectroscopy to the domain of transiting terrestrial planets. Although the modest size of the Spitzer Space Telescope currently limits us to the brightest transiting planet systems, the 6.5-m aperture of the forthcoming James Webb Space Telescope 26 should provide a sufficient photon flux to measure the spectrum of a transiting 'hot Earth' orbiting a nearby lower-main-sequence star 27 . For the narrow feature at 7.8 mm, the width is estimated by fitting the shape of the feature, as described in the Supplementary Information. The average contrast is computed by the taking the single average point at 7.8 mm and subtracting the mean of the 2 pixels on both sides of the peak (4 pixels total). For the broad feature, the width is only a rough estimate, as we do not claim that the feature has a definite downturn beyond 10.5 mm. The average contrast and error are based on the binned spectrum in Fig. 2c . Here we take the 'peak' bin near 10 mm and subtract the 'continuum' bin at 9 mm to get the average contrast, and the error is the relative error between the two points. For both features, the significance level is simply the average contrast divided by the s.e.m.
